Nanopantography, a massively parallel nanopatterning method over large areas, was previously shown to be capable of printing 10 nm features in silicon, using an array of 1000 nm-diameter electrostatic lenses, fabricated on the substrate, to focus beamlets of a broad area ion beam on selected regions of the substrate. In the present study, using lens dimensional scaling optimized by computer simulation, and reduction in the ion beam image size and energy dispersion, the resolution of nanopantography was dramatically improved, allowing features as small as 3 nm to be etched into Si. Lithography at the sub-10 nm scale is essential for the fabrication of future integrated circuits, as well as many other nanodevices. For example, quantum and single electron devices require a critical dimension (e.g., dot, wire, or ribbon) less than 10 nm to enhance quantum effects, leading to greatly improved or totally new device characteristics. [1][2][3] Plasmonic nanodevices, which overcome the diffraction limit and display extreme enhancement of electromagnetic energy in subwavelength features due to collective excitation of conduction electrons, have great potential in applications including nanophotonics, biosensors, chemical sensors, and photovoltaic cells. [4] [5] [6] Sensors, which can detect and rapidly identify macromolecules, including DNA sequencing, by changes in current or other signals as they pass through holes require the formation of <5 nm-diameter nanopores in ultrathin films. [7] [8] [9] [10] [11] [12] In addition, graphene and other 2-D materials have recently been synthesized in large sheets, and a large area method for creating nanopatterns in such films offers an opportunity for fabrication of the next generation electronic and photonic devices. [13] [14] [15] [16] [17] [18] [19] Advances in these technologies demand a method to fabricate nanopatterns over large areas, with high throughput and low cost. Photolithography can define such small dimensions by implementing multiple patterning and extreme ultraviolet (EUV) light sources, but it is so complex and expensive that is only suited for largevolume applications. Less complex tools either suffer from resolution or throughput problems, so there is a clear need for developing lower complexity lithography under the 10 nm scale. A scanning electron beam is capable of writing $2 nm features, but not in a parallel manner. 20 Very small features can also be formed by self-assembly, 21-24 but the types of patterns that can be formed are limited. Scanning probes can manipulate single atoms, [25] [26] [27] but not in a massively parallel manner. Nanoimprint lithography (NIL) is a promising method for high throughput and low cost fabrication; however, at the sub-10 nm scale, a few lingering barriers such as defects, template patterning, and wear must be overcome to enable large scale implementation.
Lithography at the sub-10 nm scale is essential for the fabrication of future integrated circuits, as well as many other nanodevices. For example, quantum and single electron devices require a critical dimension (e.g., dot, wire, or ribbon) less than 10 nm to enhance quantum effects, leading to greatly improved or totally new device characteristics. [1] [2] [3] Plasmonic nanodevices, which overcome the diffraction limit and display extreme enhancement of electromagnetic energy in subwavelength features due to collective excitation of conduction electrons, have great potential in applications including nanophotonics, biosensors, chemical sensors, and photovoltaic cells. [4] [5] [6] Sensors, which can detect and rapidly identify macromolecules, including DNA sequencing, by changes in current or other signals as they pass through holes require the formation of <5 nm-diameter nanopores in ultrathin films. [7] [8] [9] [10] [11] [12] In addition, graphene and other 2-D materials have recently been synthesized in large sheets, and a large area method for creating nanopatterns in such films offers an opportunity for fabrication of the next generation electronic and photonic devices. [13] [14] [15] [16] [17] [18] [19] Advances in these technologies demand a method to fabricate nanopatterns over large areas, with high throughput and low cost. Photolithography can define such small dimensions by implementing multiple patterning and extreme ultraviolet (EUV) light sources, but it is so complex and expensive that is only suited for largevolume applications. Less complex tools either suffer from resolution or throughput problems, so there is a clear need for developing lower complexity lithography under the 10 nm scale. A scanning electron beam is capable of writing $2 nm features, but not in a parallel manner. 20 Very small features can also be formed by self-assembly, [21] [22] [23] [24] but the types of patterns that can be formed are limited. Scanning probes can manipulate single atoms, [25] [26] [27] but not in a massively parallel manner. Nanoimprint lithography (NIL) is a promising method for high throughput and low cost fabrication; however, at the sub-10 nm scale, a few lingering barriers such as defects, template patterning, and wear must be overcome to enable large scale implementation.
Nanopantography is a method for massively parallel writing of nanopatterns over large areas. Billions of electrostatic lenses are first fabricated on top of a wafer using conventional semiconductor manufacturing processes. A broad area, collimated, monoenergetic ion beam is then directed towards the wafer surface. By applying an appropriate DC voltage to the lens array with respect to the wafer, the ion beamlet entering each lens converges to a fine spot focused on the wafer surface that can be 100 times smaller than the diameter of the lens. By controlling the tilt of the substrate with respect to the ion beam, the focused ion beamlets can "write" a desired pattern in a massively parallel fashion in selected areas of the substrate. Previously, nanopantography was used to etch $10 nm-diam. holes in Si, by simultaneous exposure to a monoenergetic Ar þ ion beam and Cl 2 gas, 28 as well as to deposit 10 nm-diam. Ni dots using a Ni ion beam. Etching of complex patterns was also demonstrated. 29 Furthermore, to improve throughput, a two-step process was developed. 30 In the first step, short exposure time to nanopantographic etching was used to break through the native oxide of Si, creating an ultrathin ($2 nm) mask on the wafer surface. In the second step, the patterned Si wafer was etched in a chlorine plasma, under photo-assisted etching conditions, using the native oxide as a mask. Under these conditions, it was possible to maintain a moderate etching rate of Si (10 s of nm/min) to fabricate high aspect ratio (>5:1) features into the Si substrate. This was accomplished due to the lack of ions with energies above the threshold for ionassisted etching, resulting in extremely high selectivity of Si over the SiO 2 mask.
In this letter, a combination of experiments and simulations was used to achieve resolution in the sub-10 nm regime, allowing the creation of patterns with features as small as 3 nm. These appear to be the smallest features ever formed in selected locations in a massively parallel, direct writing process.
Electrostatic lenses were fabricated on Si substrates using standard semiconductor manufacturing techniques. Two sizes of electrostatic lenses were used for most experiments. Lens A (Fig. 1) was the same as that described by Tian et al. 30 This lens had a diameter of d l ¼ 650 nm, a focal length of 1150 nm, and consisted of a 150 nm sputterdeposited Al layer on top of 1000 nm thermally grown oxide on p-type silicon. Lens B had nominal diameter of d l ¼ 200 nm (actual value ranging from 170 nm to 270 nm), a focal length of 330 nm, and consisted of a 30 nm sputterdeposited tungsten layer on top of 300 nm thermally grown oxide on p-type silicon. By applying a DC bias between the metal electrode and the substrate (depicted in Fig. 1 ), a static electric field was established locally within and around each lens. Ions with kinetic energy E i flying towards the lens were deflected by the spatially varying field and, under the proper bias voltage (V bias < E i ), came to a focus at the bottom of the hole (i.e., on the substrate surface, see Fig. 1 ). Thinner SiO 2 made it possible to keep the lens aspect ratio unchanged (same lens numerical aperture) while reducing the lens diameter, allowing lens B to produce smaller features. An ion energy of E i ¼ 100 eV was chosen to balance the competing requirements between patterning speed (proportional to
), where E th is a threshold energy), and resolution (higher ion energy requires thicker dielectric to avoid breakdown; thicker dielectric results in lower resolution). The breakdown field for thermally grown (dry) oxide can reach 10 MV/cm. [31] [32] [33] This implies that an applied voltage of 100 V requires an oxide thickness of at least 100 nm to minimize the probability of breakdown. Thus, the SiO 2 film could be thinned down to 300 nm, and still have a very low probability of electrical breakdown.
The patterning procedure was similar to that reported previously. 28 Samples were first loaded into the processing chamber and positioned perpendicular to the direction of the ion beam. The Si substrate was electrically connected to system ground, while the metal layer on top was biased with a DC voltage which was varied between 80.0 and 98.5 V. A metal grid with 39 lm wide holes was positioned 10 mm above the substrate and grounded. This prevented deflection of the ion beam near the edges of the sample. 29 Cl 2 was admitted into the processing chamber yielding a partial pressure of 3.0-4.0 Â 10 À5 Torr. Ion bombardment promoted surface reactions of adsorbed chlorine with silicon atoms resulting in ion-assisted etching of silicon at each beamlet focal point.
In nanopantography, an array of lenses simultaneously projects the image of an object (ion source) onto the substrate. For simple, ideal optics
where s 1 and s 2 are the distances from the lens to the object and the image planes, respectively, and f is the focal length.
Because the distance to the image is so much smaller than the distance to the object (s 2 ( s 1 ), f ¼ s 2 . The lens magnification is
To improve resolution, compared to the previous nanopantography experiments, 28 down to an unprecedented size of 3 nm, a smaller ion beam delimiter was used (hole diameter 5 mm), and the distance between the ion source and the sample (s 1 ) was increased to 60 cm. The first action reduced the object size while the second changed the magnification, both at the cost of a reduced beam flux at the sample surface. To compensate for the reduction in ion flux, the inductively coupled plasma source generating the ion beam was equipped with a pair of co-axial electro-magnets, which, combined with source optimization, resulted in an increase of the plasma density (and ion flux) by one order of magnitude. Under these conditions, a typical ion flux at the sample location was $1 lA/cm 2 before focusing. Given f ¼ s 2 ¼ 300 nm (lens B) and s 1 ¼ 0.6 m, the magnification was M ¼ 5 Â 10
À7
. Thus, the diameter of the image (d i ) of the d s ¼ 5 mm diam. ion beam delimiter should be d i ¼ Md s or 2.5 nm. The smallest feature we were able to form was $3 nm, close to the theoretical value. A feature size slightly larger than predicted is not surprising, since Eq. (1) assumes paraxial rays and does not account for aberrations. Computer simulation (using SIMION 34 ) were therefore conducted to compare with experimental data and to gain further insight in the behavior of the system under non-ideal conditions. The geometry of the simulation is shown in Fig. 1 . The computational domain was 2D-axisymmetric with radius and length equal to 750 and 3330 nm, respectively.
The lens diameter was 650 nm, the metal electrode thickness was 150 nm, and the oxide thickness was 1000 nm as measured from scanning electron micrograph (SEM) images. Due to non-ideal etching of aluminum (Electrode 1) during lens fabrication, the aluminum sidewall was tapered, increasing the diameter at the lens entrance to $750 nm. The electrode voltages were specified, the ion energy distribution (IED) was measured in situ, and the ion angular distribution (IAD) was estimated (see below). IED and IAD information was needed to select the initial velocity vector of particles at the launch plane (Electrode 2 in Fig. 1) . A particle's coordinates were recorded when the particle struck electrode 3 and plotted as a histogram for 3000 particle flights (Fig. 2) . Since the IED was nearly monoenergetic for all ions entering the lenses, and the angular spread of ions at the focus on the surface, determined predominantly by the bending of ions entering the lenses near the walls, is <6arctan (d l /2f) (<616 for both lenses), we can assume that the Ar þ ionassisted etching yield for Si at a given Cl 2 partial pressure in the processing chamber was the same for all ions. Thus, the particle distribution profile on the surface of Electrode 3 (Si substrate) should etch a hole into Si that is the inverse of the profile of Fig. 2 .
Since the histogram of particle landing positions is not Gaussian, the usual definition of the full width at half maximum (FWHM) may not be an appropriate measure of the width of the distribution. Instead, the width was defined as the spacing between the minimum and maximum in the first derivative of the histogram (blue curve in Fig. 2) , denoted by the vertical dashed-dotted lines. For comparison with measurements of the hole diameters determined from top-down SEM images, a more conservative estimate of the diameter of the feature was determined from the width between the zero crossings of a linear extrapolation of the first derivative of the histogram (vertical dashed lines in Fig. 2) .
A nearly monoenergetic Ar þ ion beam was generated by the 13.56 MHz RF inductively coupled plasma source that operated in pulsed plasma mode, with a peak power of 800 W, a pulsing frequency of 10 kHz, and a duty cycle of 20%. A synchronized DC bias was applied on a boundary electrode in the afterglow (power off) of the pulsed plasma. The bias voltage raised the plasma potential causing positive ions to be expelled from the plasma through a grounded extraction grid. 35 The IED was measured in situ using a retarding field ion energy analyzer. A Gaussian was fitted to the IED peak, yielding an average ion energy of 107 eV and a FWHM of 4 eV. Under these conditions, the ion beam current density at the sample location was $0.85 lA/cm 2 . The ion launch half angle was estimated to be $0. 24 , calculated from the 2.5 mm radius beam-delimiter aperture and the 600 mm beam drift distance.
Lens A was used to experimentally study the relationship between focusing voltage and etched hole size at the focal point for a given lens diameter. The etched hole size was measured from SEM images with a 65% error. This error is based on the uncertainty of measuring a perceptible change in image contrast, combined with the size of the scale bar embedded in the SEM image. For lens A, with a diameter of 650 nm, the optimum focusing voltage to form the smallest beam waist on the Si surface was found in experiments and simulations to be 96.8 V. Increasing or decreasing the voltage by 1 V roughly doubled the beam focus diameter at the surface.
Using lens B, the focusing voltage was fixed at the optimum value found experimentally for lens A and the lens diameter was varied. To improve efficiency and reproducibility, lenses were fabricated with different diameters on the same sample. Other key parameters affecting focus (lens height, IED, and IAD) were kept unchanged. Results for two samples, made using identical fabrication procedure, are plotted in Fig. 3 . The beam must be focused properly at the base of the lens to achieve the smallest feature size. This minimum size is determined by the magnification and the spherical and chromatic aberrations of the lens. The optimum lens diameter that gives the finest patterned trench width is $185 nm for a fixed lens height of 330 nm. For smaller lens diameters, the (constant) focusing voltage is too far from the optimum value for that particular lens diameter; thus, the image is out of focus. Simulation results track the data very well. The numerical aperture of optimum-size lens B is 0.28, equal to that of lens A. This supports the notion of improving resolution by decreasing magnification through lens dimensional scaling.
The SEM image of Fig. 4(a) is a 7 nm-wide, 41 nm-long trench patterned using Lens B with diameter ¼ 170 nm. The feature width is quite uniform; the linewidth varies by less than 1 nm over its length. The focusing voltage was 96.8 V, with 8 min of dwell time per exposure step. The exposure step size was 4 nm, achieved by tilting the sample stage 0.2 / step. Fig. 4(b) is an SEM image of a 3 nm-diameter hole etched in Si at the center of a 230 nm-diameter lens, using a focusing voltage of 97.7 V. This appears to be the smallest feature created using a massively parallel top-down approach. 36 In summary, nanofeatures as small as 3 nm were formed by nanopantography, a massively parallel nanopatterning method over large areas. This was achieved by reducing the energy spread and source size of the ion beam, by scaling the lens dimensions, and by optimizing best-focus settings, aided by computer simulation. Such small features, created in a fairly inexpensive tool open possibilities for writing even smaller nanofeatures in a massively parallel fashion. This work was supported by the National Science Foundation grants CMMI 1030620 and IIP 1343387, and the Department of Energy, Office of Fusion Energy Science. We also acknowledge Dr. L. Chang and Dr. J. Guo of the UH Nanofabrication Facility for their help with lens fabrication.
